Introduction
Photon−based imaging systems utilizing short wavelengths have becoming a powerful tool in nanotechnology and are valuable alternative to other imaging techniques like elec− tron microscopy and scanning probe microscopy. Usually, nanometer−scale resolution imaging can be performed with sources emitting short wavelength radiation from the extreme ultraviolet (EUV) and soft X−ray (SXR) region of e−m spectrum. SXR radiation provides better spatial resolu− tion due to shorter wavelength, however, in most cases it is produced by large scale facilities such as synchrotron sources and free electron lasers, while the EUV radiation is generally produced in more compact, table−top or even desk−top sized sources. Moreover, the differences in absorp− tion, related directly to optical contrast, in these two spectral regions are important as well. These are the reasons why imaging using compact EUV systems is currently of high interest and will be a topic of this article.
This review paper will describe approaches to EUV imaging, with particular emphasis on imaging utilizing com− pact, table−top and desk−top EUV sources. Various coherent imaging techniques, such as 2D and 3D holography, com− puter generated hologram (CGH) EUV reconstruction and generalized Talbot self−imaging and incoherent, such as EUV microscopy using zone plates will be presented.
Holography is a well developed imaging technique originally proposed in 1948 by Gabor as a new microscopy alternative. It is broadly applied in different fields, espe− cially, since the development of laser sources that provided the necessary coherent illumination, to make holography a practical imaging technique. The potential for hologra− phy in the EUV spectral region was recognized very early, however, it was not till 1970s, when the first images of very simple objects were obtained for the first time [1, 2] . The first demonstration of holographic recording using a EUV/SXR laser was performed in Lawrence Livermore National Lab, using the NOVA laser facility [3] . Some early experiments also utilized large facilities synchrotron light to image biological samples, nano structures, and magnetic domains [4, 5] . The first demonstration of holo− graphic imaging using a table−top source achieved 7−μm spatial resolution with a high harmonic (HHG) source [6] . With a very similar set up, the spatial resolution was improved later to 0.8 μm [7] . Time resolved holographic imaging was also implemented with HHG sources to study the ultrafast dynamics of surface deformation with a longi− tudinal resolution of less than 100 nm and a lateral resolution of less than 80 μm [8] .
Another interesting approach to holographic imaging is the fabrication of "synthetic" or computer generated holo− grams (CGH). The design of the holographic mask substi− tutes classically recorded hologram (out of an existing object) with a CGH. An obvious advantage of this method, as compared to classical holography, is the fact that the imaged object does not require physical existence. It is pos− sible to calculate a hologram of an object that can exist only in a digital file in a computer. This approach is particularly valuable as an alternative lithographic process to facilitate nanofabrication. The hologram is reconstructed in the sur− face of the photoresist. This technique, also called holo− graphic projection lithography, was proposed as a litho− graphic alternative technique to generate arbitrary structures [9, 10] .
Coherent EUV illumination also enabled an alternative approach based on coherent self imaging or Talbot imaging. When a periodic structure is illuminated with a coherent source, self−images of the periodic structure are replicated at distances determined by the period of the structure and the wavelength of the illumination. This coherent imaging effect, also called coherent diffraction lithography, used to demonstrate fabrication of photonic crystals [11] .
Another very promising technique is diffraction micros− copy (DM), or lens−less microscopy where the coherent dif− fraction pattern of a non−crystalline specimen is recorded [12] . The specimen is illuminated by coherent light and the detailed and oversampled diffraction pattern is collected without any additional optics. Due to the phase loss a com− puterized phase−retrieval algorithm iteratively solves for the phase and allows to reconstruct the shape of the object. Since the first experimental demonstration, reported by Miao et al. [13] , short wavelength DM has been success− fully applied to imaging of nanoscale materials, structures [14] , magnetic materials [15] and biological cells [16] , achieving spatial resolution as small as 50 nm utilizing l = 1.5 nm source [17] . Furthermore, in combination with free electron laser (FEL) sources this technique has the potential for imaging of large macromolecules, without the need for crystallization in a single−shot [18, 19] . Also it eliminates the aberrations from optical elements and the need for precise sample positioning, thus allowing for near diffraction−lim− ited resolution in EUV and soft X−ray range of wavelengths. However, it requires very bright and fully coherent illumi− nation, meaning often the necessity of using large, lim− ited−access accelerator facilities such as the 3 rd generation synchrotron radiation sources and X−ray FELs.
Decreasing the illumination wavelength is one way to improve the spatial resolution in photon−based full field microscope systems, thus the widespread interest in micros− copy at EUV wavelengths. Utilizing coherent illumination, 700−nm half−pitch resolution images with a EUV recombi− nation laser at l = 18.2 nm has been reported in the early imaging work [20] . Better spatial resolution equal to 75 nm was reported utilizing a SXR laser at l = 4.48 nm, pumped by the large fusion−class NOVA laser [21] . Recently, differ− ent approaches have emerged due to the development of smaller−scale short−wavelength sources such as HHG [22] , EUV lasers [23] and incoherent laser−plasma based sources [24] that have been successfully used for sub−micrometer resolution imaging. Using radiation from table top capillary EUV laser images were obtained with a spatial resolution of 120-150 nm [25] . l = 13.2 nm wavelength radiation from Ni−like cadmium EUV laser allowed for a sub−38 nm reso− lution nano−imaging [26] . A quasi−monochromatic emission from an incoherent SXR source, at much shorter wave− length l = 2.88 nm in the "water window" range, based on liquid nitrogen, allowed to demonstrate SXR microscopy with sub−50 nm spatial resolution (~17 l) [27] . Ethanol droplet based SXR source at l = 3.37 nm combined with zone plate objective allowed to capture images with spatial resolution of 60 nm [28] , later improved to~50 nm [29] . Large synchrotron facilities also were extensively utilized for the implementation of full field microscopes with record spatial resolution of 12 nm [30] or 14 nm utilizing l = 1.38 nm undulator radiation and third order zone plate diffraction [31] , also including magnetic material imaging [32] [33] [34] [35] .
In this paper we will review a small fraction of this vast research field and concentrate in the review of few imaging techniques utilizing compact (table−top and desk−top) EUV sources. Since the coherent imaging techniques are gener− ally easier in terms of experimental arrangement and data collection they will be presented first, following by experi− mentally more complicated EUV microscopy setup. Thus, the paper is organized as follows. Section 2 describes the EUV sources used in the imaging experiments: a table−top capillary discharge EUV laser and a laser−plasma EUV source based on a double stream gas puff target used in incoherent imaging with the zone plates. Section 3 describes holographic imaging, with 2D and 3D reconstruction and the reconstruction of computer generated holograms with EUV laser light. Section 4 shows results of imaging based on a Talbot effect. Finally, Section 5 describes an example of incoherent EUV imaging performed utilizing a Fresnel zone plate. In this case the illumination was provided by an incoherent EUV source based on a double stream gas puff target. Section 6 contains a brief summary of each technique and the conclusions.
EUV sources
In all coherent imaging techniques, described in this paper, a table−top discharge pumped capillary Ne−like Ar laser, was used [36] [37] [38] , which even more compact version was recently developed, namely desk−top capillary discharge laser, described in more details in Ref. 39 . Fig. 1(a) is a pho− tograph of the table−top EUV laser. The compact Ne−like Ar capillary discharge laser can be configured to produce pul− ses with energy ranging from 0.1 to 0.8 mJ and about 1.2 ns FWHM duration. It can be operated at repetition rates of several Hz, producing EUV pulses with average power in excess of 1 mW with high degree of spatial and temporal coherence. The laser operates in the 46.9 nm 3s 1 P1−3p 1 S0 transition of neon−like Ar. An alumina capillary 3.2 mm in diameter and 27 cm in length filled with Ar is excited with a current pulse~22 kA, a 10% to 90% rise time of~55 ns and a first half−cycle duration of~135 ns. The capillary dis− charge laser (CDL) is based on high−gain amplification of spontaneous emission and generates a beam with high spa− tial and temporal coherence. The longitudinal coherence length is determined by the Doppler−broadened linewidth of the laser transition at Dl/l = 10 -4 , corresponding to a coher− ence length of 470 μm. The degree of spatial coherence increases with the length of the plasma column (capillary) and approaches full coherence for 36−cm long capillaries [40] .
In the compact EUV microscope utilizing a Fresnel optic, described in Section 5, the coherence of the source can be problematic due to coherence effects present in the microscope image, related to the properties of the laser beams [41] . Thus, for EUV imaging using the zone−plates, a compact laser plasma EUV source based on a double stream gas−puff target, presented in Fig. 1(b) , was utilized [42] .
The idea of using gas puff target to generate EUV radia− tion, described in Ref. 43 , was an important step towards the development of compact, desk−top sized EUV sources, especially after the introduction of a double stream gas puff target that overcame limitations of a single−stream scheme, related to a self absorption of the EUV light in a neutral gas surrounding the plasma [44] . That lead to more than one order of magnitude increase in the EUV emission [45] and in consequence to the development of a compact laser plasma EUV source for various applications. The source was used successfully in characterization measurements of the multilayer Mo/Si optics [46] . The same source was later characterized and optimized for the EUV imaging experi− ments, as reported in Refs. 47 and 61. Recently, based on this source, a new laboratory tool for micro− and nano− −machining of polymers has been also developed [48] .
In this source, infrared (IR) laser pulses l = 1064 nm wavelength, 500-800 mJ energy per pulse and 4−ns time duration from a commercial Nd:YAG laser (EKSMA) are focused onto a double stream gas puff target. The target is produced by an electromagnetic valve system with a double nozzle. The nozzle is composed of a round inner nozzle with a diameter of 0.4 mm and ring−shaped outer nozzle with diameters of 0.7 and 1.5 mm. Working gas (high−Z) is injected through the inner nozzle. To achieve an optimum density of the working gas at certain distance away from the nozzle output and optimum gas profile additional, low−Z gas is injected through the outer nozzle (outer gas). The flow of the outer gas confines the inner gas towards the noz− zle axis thus, decreases the gradient of the working gas den− sity. The focused IR beam produces plasma that radiates outward the radiation in a very broad range of wavelengths, including EUV range (5-50 nm).
EUV holography
Coherent light has a property of producing interference if the amplitude or wavefront of a beam is divided and then recombined back together. This useful property can be used in imaging since the interference pattern can store informa− tion about the amplitude and the phase of light scattered from an object, as in the case of holography. Although it is more difficult to produce such a coherent beam, the advan− tage can be a lack of optic, yielding finally to improved spa− tial resolution attainable.
2D wavelength resolution holographic imaging at EUV wavelengths
The acquisition of holographic images is a two−step process consisting of a recording and a reconstruction phase. During the recording step, the interference pattern between two mutually coherent beams: the reference and the object beams, is stored in a recording medium. The recording medium is a material used to record the interference pattern that can provide a linear mapping between the incident intensity and the medium change such as reflection, trans− mission or height modulation.
In our experiments, a high spatial resolution photoresist was used for the recording of large numerical aperture (NA) holograms [49] [50] [51] . After developing, the holographic inter− ference pattern was translated into a relief pattern in the sur− face of the photoresist and digitized using an atomic force microscope (AFM). The digitized hologram was used as an input for a code that reconstructs the image using a Fresnel propagator in the reconstruction step. This calculation back−propagates the object beam wavefront to obtain the amplitude and the phase distribution of the field in the image plane through a product of spatial frequency repre− sentation of the hologram and a quadratic phase free space Fresnel propagator in the spatial frequency domain [52] [53] [54] . Using this method the reconstruction of the hologram was performed numerically.
The resolution of the holographic recording, expressed by Eq. (1), is dictated by the numerical aperture NA n = sin Q, where Q is the maximum half−angle of the cone of light that can enter the imaging system, n is the index of refraction of the medium. Also, the spatial resolution depends on the reso− lution of the recording medium. Consequently, the highest spatial frequency that can be recorded in the recording medium sets a limit to the NA. To avoid this limitation, the holograms were recorded in a high resolution photoresist, polymethyl methacrylate (PMMA), that has a spatial resolu− tion of~10 nm for e−beam exposure [55, 56] . The spatial res− olution of the hologram is also limited by the spatial and temporal coherence of the illumination source and by the digitization process as described in more details in Ref. 57
where a Î 0 31 . , depending on the method used to measure the resolution and coherence of the source [58] , l is the wavelength of the illumination and NA is the numerical aperture of the system. Improvements to the spatial resolution can be done either by decreasing the wavelength of illumination by using an output of a short wavelength EUV source, or by increasing the numerical aperture in the recording and reconstruction steps. Decreasing the distance between the object and the recording medium z p , allows for storing in the photoresist surface finer interference fringes, thus improv− ing the spatial resolution. During the reconstruction, the AFM scan has to be large enough and with a sufficiently fine sampling to read these fringes, to be able to reconstruct the information about corresponding spatial frequency com− ponents in the final, reconstructed image. Thus, the total number of sampling points for the 2D hologram can be expressed as
The image resolution D scales as N total~D -4 . This imposes a practical limitation if the distance z p is not kept small. Due to the fact that the number of points per scan line in the AFM is often limited to 1024, 2048 etc., the best option to increase the NA is to decrease the distance z p . The holographic experiments, described in next para− graph and reported in Refs. 46-48, show that increasing the NA of the recording and reconstruction opens the possibil− ity of reaching the resolution in holographic imaging com− parable to the wavelength of illumination.
For hologram recording the CDL was configured to pro− duce 0.1 mJ pulses at a repetition rate of 1 Hz. With a ratio of l/Dl »10 4 , the laser has a longitudinal coherence length l c »470 μm. The radius of coherence R c , defining the spatial coherence, at the location of the experimental setup and for 28−cm long capillary was estimated to be~0.5 mm. Using Gabor's geometry, shown in Fig. 2(a) , and AFM tips as objects - Fig. 2(b) , two holograms with two different NA were obtained by changing the distance z p . Two selected distances were z p »4 mm (NA = 0.038) and z p »120 μm (NA = 0.172). The temporal and spatial coherence limitations to the resolution are presented in Table 1 . It can be seen, that for this geometry the spatial coherence imposes a more severe limitation.
The details about the recording medium and the deve− loping procedure are described in detail in Refs. 46-48. The exposure of~100 EUV pulses was adjusted to achieve the linear response of the photoresist to EUV light and conse− quently the relief pattern height printed in its surface was equivalent to the interference intensity pattern of the holo− gram. Fig. 3(a) shows the hologram for low numerical aper− ture recording (NA = 0.038) with a total scan areã 300×300 μm 2 , and a pixel size corresponding to 270 nm while Fig. 3(b) is the digitized hologram with the higher numerical aperture (NA = 0.172). In this case, the area scanned is 42×42 μm 2 with a pixel size equivalent to 41 nm. Developed photoresist surface was mapped with the AFM to generate digitized holograms that were reconstructed numerically by the Fresnel propagator code.
Figures 3(c) and 3(d) are, respectively, the reconstructed images of corresponding holograms shown in Fig. 3(a) and Fig. 3(b) . In both reconstructed images, the triangular pro− file of the AFM tip is clearly revealed. The optimum spatial resolution was assessed performing a 2D correlation with a synthesized image -template, used as a reference image, as described in more detail in Ref. 59 . For 4−mm separation, the analysis indicates that the reconstructed image has a re− solution equivalent to D = 380 nm, while for 0.12−mm sepa− ration the spatial resolution of the reconstruction was esti− mated to be D = 164 nm. Based on the NA of the recording set up, the spatial resolution limited by the Rayleigh crite− rion D = (0.61 l)/NA gives the value D R = 166 nm that com− pares very well with the correlation analysis result.
Finally, to further improve the spatial resolution and to reach the resolution limit imposed by the wavelength, according to Eq. (1), the z p distance was further reduced. The object was composed of carbon nanotubes (CNT) with 50-80 nm diameter and 10-20 μm in length, placed on a 100−nm thick silicon membrane acting as a support. It is imaged using the CDL in Gabor's in−line configuration, schematically depicted in Fig. 4(a) and an example SEM image of the CNTs is shown in Fig. 4(b) . The thin Si mem− brane has a transparency of approximately 60% at l = 46.9 nm [60].
The CNT sample was placed approximately z p = 2.6 μm away from a 120−nm thick PMMA layer deposited on a Si wafer. The limited area of the AFM digitization (9.9×9.9 μm 2 ) sets the NA to 0.88. As previously the photoresist was developed, its surface was digitized with the AFM and the image was numerically reconstructed using the Fresnel propagator code. 10-90% rise of the intensity in the line−cuts in a region where a "plateau" in the maximum and minimum intensities was clearly reached. The example of such line−cut is depicted in Fig. 6 . The resolution was found to be 45.8 ±1.9 nm,~0.98l, where the error is assigned by the standard deviation [48] . Additionally, a global assessment of the image spatial reso− lution was performed, based on a correlation analysis between the reconstructed hologram and a 2D set of tem− plates with calibrated resolution and nanotube diameter [56] . This method yielded a similar spatial resolution 47.5 ±5 nm, while allowed to determine the mean diameter of the carbon nanotubes as well 70.6 ±5 nm. The results are in good agreement with the theoretical calculations and cohe− rence limitations and they were summarized in Table 1 .
3D holographic imaging at EUV wavelengths
The possibility of volume 3D imaging by the numerical sec− tioning obtained from a single high numerical aperture holo− gram, reported in Ref. 47 , will be discussed in this section. Three dimensional images were obtained from Gabor holo− grams recorded in the photoresist after exposure using the CDL. Digitized holograms were numerically reconstructed over the range of image planes by numerically sweeping the reconstruction distance, resulting in numerical optical sectioning of image depths.
The test object, used in the holographic volume imaging experiment, was fabricated by covering a semicircular hole 1.5 mm in diameter made in an 80−μm thick Mylar sheet with a 100−nm thick aluminium foil. The hole was partially covered with a second, similar Mylar sheet as schematically indicated in Fig. 7 .
The Al foil produces a variable height surface with the desirable characteristics for this test: has transmission of 35% at l = 46.9 nm, found in Ref. 57 , and suppresses the long wavelength background from the CDL. A 465 nm in diameter spherical markers, from Polysciences Inc., were randomly deposited on the top of a partially transpa− rent, tilted Al foil. These spheres are completely opaque to the 46.9 nm EUV laser radiation. To activate the PMMA with 46.9−nm radiation requires exposures in the range of~2×10 7 photons μm -2 equivalent to~240 laser shots. After exposure, the photoresist was developed and digi− tized using the AFM and reconstructed numerically. Fi− gure 8(a) shows a small (42´42 μm 2 ) section of the holo− gram. An example of the numerical reconstruction is shown in Fig. 8(b) .
One of the critical parameters in the reconstruction code is the z p distance. Small changes in z p reconstructs slightly different images. To determine the value of z p correspon− where l c is the longitudinal coherence length, R c is the radius of coherence of the EUV source, z p is the distance between the sample and the recording medium, l is the wavelength, Dr is the outermost fringe width stored in the recording medium. The statistical dispersions of the data points relative to the best linear fit for each slope are Dz = 2.64 μm for the higher slope and Dz = 1.32 μm for the lower slope. This spread in the measured heights of the markers compares well with the expected accuracy in the z direction deter− mined by the NA of the hologram, dz = l/NA 2 [61] : the higher slope NA at z p = 160 μm is 0.13, yielding a depth of focus dz = 2.77 μm and the lower slope region at z p = 140 μm, NA = 0.148 and dz = 2.12 μm.
Aspects of nanometer scale imaging with extreme ultraviolet (EUV) laboratory sources

EUV reconstruction of a computer generated hologram
In this section, initial results of the optical reconstruction of computer generated nano−holograms at the EUV wave− length, leading to nano−structures patterned in a photoresist, are presented. The results were reported in Ref. 62 . In the experiment the CDL was used, however, high requirements for the spatial coherence lead to the necessity to increase the distance between the laser and the experimental arrange− ment to~2.2 m. At that distance, the coherence radius at the recording plane is approximately 740 μm. Due to the restric− tions of the e−beam fabrication method, binary holograms were designed and generated using a half−tone optimization algorithm. The optimization of the CGH structure was nec− essary to improve the image quality and was performed using several different algorithms similar to optical proxim− ity correction, in particular using pattern modification. 
Generalized Talbot imaging
For the demonstration of the generalized Talbot imaging (GTI) at EUV wavelength of 46.9 nm, reported in Ref. 63 , the CDL was used. Similarly, the spatial coherence of the EUV radiation was increased to reach the coherence radius of 740 μm at the distance where the exposure takes place. The CDL illuminates a Talbot mask placed 219.5 cm away from the laser. The beam coherence radius is larger than the size of the single Talbot mask, designed to be 600×600 μm 2 . The Talbot mask was fabricated on a Si 3 N 4 membrane pat− terned using e−beam lithography in HSQ photoresist layer, 65−nm thick. The first Talbot plane was located at z T = 1 mm from the mask. Each Talbot cell, 4.84×4.84 μm 2 in size, was repeated 124 times in the horizontal and vertical directions to provide an effective NA of 0.28 in order to have a point resolution l/2NA equal to 84 nm. The SEM images of the small section of Talbot masks, used in this experiment, are shown in Figs. 13(a), 13(b), and 13(c) . More details about the design of the mask can be found in Ref. 60 .
A PMMA coated sample was placed at the z T distance of the first Talbot plane where the self−image of the Talbot mask was formed and recorded in the photoresist. Typical patterns, shown in false colours, obtained by scanning the PMMA surface with the AFM, are shown in Figs. 14(a), 14(b), and 14(c) and they correspond to the SEM images of the mask, depicted in Figs. 13(a), 13(b), and 13(c) . The self−images clearly resemble the masks. This clearly demonstrates the excellent imaging fidelity of this non−con− tact technique. The smallest features, present in the mask, were 140 nm wide and are clearly seen in Fig. 14(c) . The Talbot reconstructions were recorded up to the 6 th Talbot plane, with good results, which is shown in Figs. 15(a) , 15(b) , and 15(c), where 2 nd , 4 th , and 6 th plane for one of the masks are depicted. This clearly shows the ability of this method to image and record the nanometer scale patterns with high resolution at large distances.
Aspects of nanometer scale imaging with extreme ultraviolet (EUV) laboratory sources
This technique opens very interesting imaging possibili− ties, because it does not rely on complex optical systems but rather on the fundamental principles such as diffraction and free−space propagation. However, the Talbot imaging is limited by the ability to fabricate the mask, the wavelength and degree of coherence of the source.
Incoherent EUV microscopy with zone plate optics
Incoherent EUV light can also be used for imaging with nanometer−scale spatial resolution. Short wavelength radia− tion provides spatial resolution superior to visible spectral range optical systems, however, additional optics is re− quired to produce the image of object comparing with coherent techniques. Incoherent techniques are somewhat complimentary to coherent ones, since although the spatial resolution of zone plate microscopy might be inferior to coherent imaging techniques, sometimes the coherence of the source can be problematic due to coherence effects pre− sent in the image, such as "twin−image" problem in hologra− phy. This is not the case during incoherent illumination. To show the differences in both coherent and incoherent imag− ing approaches one example of incoherent technique is presented.
In this section an actinic desk−top EUV transmission microscope, utilizing diffractive optic, will be shown. The microscope is described in more detail in Ref. 64 and Ref. 65 . It uses a quasi−monochromatic, compact, high repetition rate, laser−plasma EUV source based on a gas puff target, discussed in Sect. 2. The source was configured to produce quasi−monochromatic EUV radiation, where argon and he− lium were used as a working and an outer gas, respectively. The argon was chosen due to narrow−band emission around 13.5 nm wavelength. The pumping IR radiation, l = 1064 nm wavelength, 737 mJ energy per pulses and 4−ns time duration were focused using an f = 25 mm focal length lens onto Ar/He double stream gas puff target. Ar and He gas pressures, 10 and 5 bar, respectively, were adjusted for the most efficient EUV generation around 13.5−nm wavelength.
The experimental arrangement of the desk−top, high reso− lution microscopy at EUV wavelengths is shown in Fig.  16 and spectrally filtered by an ellipsoidal, off−axis, 80 mm in diameter mirror condenser with Mo/Si multilayers opti− mized for 13.5+/-0.5 nm (FWHM) wavelength range and 45 degrees incidence angle. The theoretical reflectivity of the mirror is~34% for an unpolarized light at 13.8 nm. The mirror was designed to image the plasma with a unity lateral magnification. The EUV radiation illuminates the object, positioned 254 mm downstream to the condenser. A 141−nm thick Zr filter (Luxel), positioned~4-5 mm upstream to the object, is used to eliminate the wavelengths above 18 nm. The number of photons in the condenser focus is equal to (8.8+/-0.5)×10 10 , as it was reported in Ref. 44 . The source EUV spectrum, measured with the flat−field reflection grat− ing spectrometer equipped with a 1200−line/mm variable groove spacing grating from Hitachi, has two main spectral peaks: 2p 6 3p−2p 6 5d at 13.793 nm and 2p 6 3s−2p 6 5p at 13.844 nm transitions in Ar VIII, as shown in Fig. 16(b) . Relative inverse bandwidth of the filtered spectrum is l/Dl 140 at l = 13.84 nm, but due to the relatively wide spectral response of our spectrometer (0.24 ) this value might be underestimated.
The Fresnel zone plate (ZP) was used as an objective to image an object onto a EUV sensitive CCD camera iKon−M (Andor) with 1024×1024 pixels, 13×13 μm 2 pixel size. ZP (from Zone Plates Ltd.) has diameter of 200 μm and outer zone width Dr = 50 nm that yields to f = 724.6 μm 1 st order focal length at l = 13.8 nm wavelength and the numerical aperture NA = 0.137. The microscope magnification can be changed from~470x to 900x. The NA of the ZP matches the geometrical numerical apertures of the condenser in hori− zontal and vertical directions equal to 0.11 and 0.15, respec− tively, thus providing incoherent illumination. For precise object pre−focusing a piezoelectric, 25 μm travel, single axis flexure stage, NF15A (Thorlabs) is used, having a theoreti− cal resolution of ~10 nm. Additional beam block, 12 mm in diameter, was used to avoid stray light through the ZP, pro− viding conical illumination. A single EUV image requires from 50 to 200 EUV pulses, at the source repetition rate of 2 Hz. As the objects, a copper G2000HS Fine Square Mesh and Quantifoil holey 300M (both from SPI Supplies), were used. EUV microscope image of 4−μm thick, mesh with 12.5−μm period and 5−μm bar, is shown in Fig. 17(a Fig. 13(a) . Fig. 16 . Scheme of the EUV microscope based on the Fresnel optic and incoherent illumination (a) and the spectrum of the EUV radiation from the gas puff laser plasma EUV source (b) showing strong emission at 13.8−nm wavelength. much thinner,~70 nm thick foil object, with 1.5−μm diameter holes, is depicted in Fig. 17(b) .
Resolution of the microscope is assessed by the knife−edge test. The lineout across the edge in the EUV image in case of mesh object was obtained by averaging 10 adjacent lines in the EUV image to improve the signal to noise ratio. The KE measurements yielded 10-90% resolu− tion of 138.8+/-8.0 nm based on 10 measurements. This corresponds to a half−pitch spatial resolution of the micro− scope equal to 69.4+/-4.0 nm, as reported in Ref. 64 . Slightly better half−pitch resolution of 51.0+/-10.6 nm was obtained, however, for "thin" foil object, which thickness is a fraction of the microscope's depth of focus. In this case the resolution was evaluated based on 6 independent measure− ments, as reported in Ref. 65 . The resolution was deter− mined by the zone plate that was used in the experiment. One could expect much better spatial resolution if the zone plate with smaller outer zone width is used.
The experimental setup that was used in this EUV microscopy experiment is extremely compact. The setup consists of three small vacuum chambers. The microscope is located inside the vacuum chamber, 24 cm in diameter and 35 cm in length. The entire system fits on top of a single 2×0.6 m 2 optical table.
Conclusions
Different imaging techniques, presented in this review, open the possibility of imaging nanometer size objects at EUV wavelengths, with the spatial resolution approaching the wavelength of light used. Three different experiments in 2D holographic imaging were presented. They show that the increase in the NA is a way to improve the spatial resolution yielding 380 nm, 164 nm, and finally 45.8 nm for the high− est NA. Moreover, 3D information was extracted from a single, high NA, hologram with a spatial resolution of 160 nm and 2.1 μm depth of focus. Two new simple imaging approaches: reconstruction of the computer generated holograms and generalized Talbot imaging at EUV wavelengths, having < 90 nm spatial reso− lution, are also discussed. Similarly to holography, these methods do not require sophisticated optics, just a coherent illumination source and the hologram or self−imaging Tal− bot mask. This is particularly convenient in the EUV spec− tral region where the optics is expensive and difficult to fab− ricate. They are both self−correcting, immune to small imperfections in some unit cells in the Talbot mask or da− mage to a portion of a hologram and are scalable to shorter wavelengths, limited by the wavelength of the source, its coherence and the ability to fabricate either hologram or the Talbot mask with a certain accuracy and resolution.
All the techniques, presented above, require coherent light, which is more difficult to achieve. However, high reso− lution EUV imaging can also be done using incoherent plasma sources. A desk−top, EUV transmission microscope, based on a Fresnel diffractive optic and a compact, laser− −plasma EUV source was presented. The microscope, under the incoherent illumination, allows us to capture images at 13.8 nm wavelength with the spatial resolution of 51 nm in a short exposure time. These results should be useful for the realization of high resolution, compact, table−top imaging systems for studying a variety of specimen in biology, material science and nanotechnology.
All presented methods are table−top, where the whole set up fits on top of an optical table, bringing to the laboratory environment similar, high resolution imaging capabilities as available in large synchrotron facilities. The continuing development of highly coherent table−top EUV lasers in the vicinity of 10 nm and increase in the available flux will enable single shot recording, permitting full field and time resolved high resolution imaging utilizing some of the tech− niques presented herein [66] . Moreover, photon based imaging systems allow spectroscopic contrast, an important characteristic in imaging with shorter wavelength radiation. It also opens the possibility of studying specimens in differ− ent environments, for example in the presence of external magnetic or electric fields. 
